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VISUALIZATION STUDY OF SECONDARY FLOWS IN CASCADES ‘

By HOWARD Z. HERZIG, ARTHUR G. ELMWEN, and GEORQER. COSTELLO

SUMMARY

technifpw are employed to ascertain the
streamline patterns oj the n-mpotential ‘se&ulary $OW8 in the
bounda~ layers oj cawules, and thereby to prornde a baml for
more tm!cnded analystx in turbomachimw The thTee-dimen-
~ional dejleztion oj the end+xzll boundary layer r+ in the
jormution oj a vortex within each cascade passage. The tize
and tightness of the uorta generated depend upon the main-jlow
turning in tlw cascade pfwsage. Once jormed, a mrta remM.8
turning in subsequent blade rows, with corwequmi unfavorable
angles oj attuck and pos~”bk jhno disturbances on the prexeure
sqfaces oj subaeguent blade rows when the vortiw impinge on
these surjace9.

Two major iip-ckarancee$ects are observed, thejormdon oja
tip-clearance vorkzr and the 8crapi~ e~ect of a blade with relative
motionpast the waU bounda~ layer. Thej%w potterm indicate
methods jor imprornng the blude tip-loadiq charaetititics oj
compnwsors and oj low- and high-speed turbina.

INTRODUCI’ION

An important problem arising in the design of turboma-
chines and in the analysis of their performance is an under-
standing of the nature and influence of so-milled seeondary
flows, which are here defied as any motions of boundary-
Iayerfluidhaving components of motionnormal to the through-
flow directions. These secondary flows, which are directly
responsible for boundary-layer accumulations and boundary-
laycr flows within the passages of @e turbomachine, often
lead to sigticant aerodyimmic 10SEWS.The ideal answer
to this problem would be a practical design procedure based
on the complete solution of the three-dimensional viscous-
flow equations in the actual turbomachine configuration. At
thepresent time,such solutionshwenot been obtained because
of the mathematical complexity of the problem involved.
In practice, therefore, the fluid flow in turbomachines is
studied by considering separately the main flow (taken to

be a perfect, inviscid fluid) and the bound~-layer flow (in
which all the viscosity phenomena are considered to be con-
centrated). This, of course, qualiiies somewhat the results
of the analysis. Furthermore, practical three-dimensional
solutions have not been obtained even for the thus di&r-
entiated flow regions, and additional simplifying Assumptions
are required, which, in turn, further qualify the results.

On this acemmt, current blade design methods for turbo-
machines are based mainly on modified two-dimensional or,
more recently, on quasi-three-dimensional flow theories of
perfect, insiscid fluids. The design is then Mned by allow-
ing forsuch factors as boundary-layer thickness and growth
by use of formulas developed from classical studies of simple
flow configurations. Inherent in this procedure is the as-
sumption that suoh corrections for the effects of viscosity ean
yield good approximations of the real-fluid behavior in actual
turbomachinea. This combination of simplified flow-theories
with adjustments for boundary-layer effectshas made possible
the achievement of fairly satisfactory design procedures for
turbomachines that operate at low- and moderate-flow speeds.
However, with the trend toward high-speed, high-mass-flow
tnrbomachines, these boundary-layer eilects become in-
creasingly significant. As transonic velocities are approached
within the flow passag&, the boundary-layer accumulations
and three-dimensional boundary-layer flows, together with
their effects upon the mainstream flow, give rise to such large
deviations from the design flow conditions that these
ordinary rough, qualitative adjustments are no longer ade-
quate. With useful solutions of the complete flow equations
still remote, the designer has no recourse but to refine hiE
qualitative adjustment procedures in an effort to compensate
more successfully for the increased boundary-layer devia-
tions. The designer is then confronted squarely with the
need for obtaining more accurate, fundamental informa-
tion concerning the nature of the secondary flows in tnrbo-
machines.
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With the direct approach to the problem (i. e., solving the
complete flow equations) barred, various theoretical and
experimental investigations have been made, each of which
by means of certain simplifying assumptions describes
partially the manner in which second~ flows affect the
performance of turbomaebines. In these analys=, usually
one of two methods has been used to estimate the deviations
in the exit flow angle-sand velocities due to boundary-layer
behavior. The first method (ref. 1) is based principally on
airfoil theory, and the flow deviations are considered as
arishg from (or at least mewmred by) traihng-edge vortices
associated with spanwise variations in circulation. The
second method (refs. 2 and 3, e. g.) is%ased on the flow of an
ideal fluid in a channel with varying inlet total pressure,
and deviations arise from the appearance of a vorticity
component in the direction of the main flow.

In the investigations considered, attempts were made to
give a qualitative picture of secondary-flow behavior and to
provide some foundation for approximate Iosa calculations.
Because of the simplifying assumptions involved, however,
the question remains as to how accurately these methods
and various extensions of these methods deseribe actual
flow phenomena, for emmple, in a cascade. And while the
knowledge concerning the detailed streamline patterns of
the actual flow in a blade row is wsential to an accurate
understmding of the nature and influence of secondmy flows,
such information has not been obtained to data from the
aforementioned techniques.

These considerations motivated a seri~ of experimental
investigations at the NACA Lewis laboratory to determine
the streamline patterns in a cascade. This report presents
the resultsof theseinvestigations, in which flow visualization
by means of smoke and chemical traces, as well as total-
pressure and flow-angle measurements, was used in order
to obtain an insight irrto the three-dimensional boundmy-
layer flow patterns in typical axial-flow turbomachines.
Photographs of the various flow patterns obtained by the
visualization procedures are presented. By obtaining direct
evidence of the flow paths by the careful application of these
visualization techniquw, the fundamental Msumptions that
might qualify the results of theoretical analyses were
avoided.

The particular boundary-layer phenomena considered are
(1) secondary flows in the shroud region, (2) radial transport
of boundary-layer material, and (3) blade tip-clwance-
region seeondary flows with and without relative motion
between the blades and end walls or shrouds.

Unfortunately, because of the complicated three-
dimensional flow patterns, it is diilicult to arrive at an un-
derstanding of the seecmdary flows in a turbomachine by
instituting the study of such flows directly in the machine.
Accordi@y, for the first step, the visualization techniques
were used to obtain the strempline patterns in a stationary

two-dimensional cascade for a range of Reynolds numbers.
The secondary-flow behavior in the end-wall (shroud)
boundary layers was thus observable without such dis-
turbing influences as over-all radial pressure gradients or
rotative effects.

In order tQ extend this study to more general configura-
tions, the influence of blade geometry was then investigated
qualitatively by independently varying stagger angle, aspect
ratio, solidity, and angle of attack, and by using blade fillets
in the “two-dimensionalcascade. As.part of a more dotai.lecl
study of the efFectsof high-turning on secondary flows, the
seeondary flows in rectanguk bends (which have been the
subject of many recent investigations (cf., ref. 4)) were rdso
studied by means of flow visualization. Furthermore, n
comparison was made between the boundary-layer flows
in such bends and in blade rows with similar turning
sections.

The flow-visualization technique was applied to an annuhw-
turbine-nozzle cascade at high subsonic and at supersonic
Mach numbers in order to extend the scope of this investiga-
tion b typical turbomachine flow conditions where radial
pressure gradients and shock phenomena do exist, The
results of these visualization procedures were instrumental
in successful interpretations of total-pressure rmd flow-angle
measurements made in reference 5.

In order to simulatemore closely the mechanical conditions
in a turbomachine, the two-dimensional cascade was modified
to enable the study of the influence of blade tip clearanoe and
relative motion between the yvdl and blades. AIso, tho
interactions of the secondary flows in successive blade rows
were inv=tigated briefly in tandem cascadea.

The investigation presented in this report is intended
mainly as an exploratory inquiry into some fundamental
aspects of the boundary-layer flows in turbomachines. Tho
results of the exploratory secondary-flow studies outJined
ocmstitute an informational unit intended to be basic to
general investigations of the actual secondary flows in turbo-
machines and are preliminary to Qmore complete analysis of
the flow in turbomachines. Nevertheless, the insight ob-
tained into the seeondary-flow patterns and behavior is
fundanmutal in nature. Thus, it may providti a basis for
correlation and interpretation of other experimental data.
When flow conditions are sufEciently sirnik to those existing
in these studies, the conclusions drawn herein may Iikewiso
serve to extend the understiding and correlation of other
experimental data.

It is further anticipated that the flow behavior ~bserved
experirgentally in the various configurations may prove usl3-
ful as a means for evaluating the reasorwbleneasof various
simplifying assumptions used. in theoretical analyses. In
particular, it might serve as a criterion both in the initial
selection of the assumptionsand in estimationsof the physical
validity of analytically obtained results.
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APPARATUS AND PROCEDURES

EXPERIMENTALSZTUPS

All configurations discussed in this section will be shown
in the figures throughout the report. Where necessary, an
insert appears on the ~hotographs depicting schematically
an overhead view of the con6guration and the smoke trace
appearing in the photograph.

. Basic two-dimensional casoade ,-The initial experimental
investigation was intended as a study of the secondary-flow
phenomena in a cnscade end-wall boundary layer uncompli-
cated by radial pressuregradients or rotative forces. There-
fore, these basic tests were carried out in a two-dimensional
steady-flow cascade (see fig. 1). The air to the cascade was
supplied by the laboratory combustion-air system and was
discharged directly into the room. Because of the construc-
tion of the cascade, the inlet-air velocities were limited to
Mach numbers below approximately 0.4.
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FIGVSE l.—Two-cUmenaional steady-flow cascade.

The blade row consisted of six NACA 65(12)–10 blades
mounted between two channel walls at a stagger angle &f450,
an angle attack of 11°, and a turning angle of 20°. The solid-
ity of the cascade was 1.5, and the aspect ratio for the blades
was 2.34. A row of static taps was located on one wall one-
half chord upstream of the blades. At this same axial loca-
tion, fi }L-inch-outside-diarneter probe was mounted in a slot
in the other wall for the introduction of smoke into the air
stream at atiy desired point. All tests were conducted in the
half of the passage adjacent to the smooth wdl containing
the static taps in order to avoid any disturbances that might
arise because of the probe slot.

Modified two-dimensional oascade.-The construction of
tlm basic twodimensional cascade was such that the blade-
geometry parameters could readily be varied independently
over a wide range. In this fm.hion the flows through more
general configurations could be studied. The geometric
parameters that were varied were stagger angle, aspect ratio,
solidity, and angle of attack. Other tests involved the use
of fillets between the blade tips and the wall.

The 66(12)-10 blade mountings were such that the blade
could be moved to provide tip clearance between the blade
tips and the wall. The wall could further be replaced by an

endless moving belt, the direction and speed of which could
be varied in order to study the influence of relative motion
between the blades and the wall. The tension on the belt
was adjuskd to prevent flow disturbances due to belt flap.
The tests were conducted at three belt speeds: low speed
(belt speed well below-airspeed), moderate speed (belt speed
approxindely equal to airspeed), and high speed (belt speed
well above airspeed).

Three-dimensional cascade,—An annular-turbine-nozzle
cascade was used to extend the investigation of secondary
flows to high subsonic and to supersonic Mach numbers in a
three-dimensional flow codguration (ref. 5). A schematic
view of the apparatus is shown in @ure 2. Air was supplied
to this cascade from the laboratory combustion-air system
rmd was discharged into the laboratory altitude mhaust
system.
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Fmmm 2.-Schematiu view of annulm-nozzle cascade test unit.

Eeotanguhu bends.—The blade row of the two-dimensional
cascade was replaced by a row of sheet-metal blades. The
turning sections of these blades were concentric circular arcs
having turning angles of 45°. When long straight inlet and
exit guides were provided, the passages thus formed were, in
tiect, rectangular bends. The end wall in whick the probe
was mounted w-asreplaced by a Lucite wall to make it pos-
sible to look directly into the entire bend. The overhead
photographs of the bend flows were taken from this position.

Another investigation was made of the rectangular-bend
configuration, in which the blade turning sections were 60°
circular arcs, all hav@ the same radius of curvature. The
bends were made of shmt aluminum and were mounted in a
two-dimensional cascade with a stagger angle of zero.

@h-turning casoades,-llhe boundary-layer behavior in
the 60° bends was compared with that in a set of 60°-
circular-arc blade-s. These blades were sheet aluminum
and were mounted in the OO-stagger-angle configuration.
The sole difference between this 60’ cascade and the 60°
bends was that the cascade did not have the straight guid-
ance sections at the inlet. In order to inv~tigate the
eilects of relative motion between end wall and bladw at
high flow--turning angles, sheet-aluminum blades with

.
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approximately 125° turning were used in the 45°-stagger-
angle configuration.

Tandem casaade,-!l%e blades for the tandem cascade,
which were also made of sheet aluminum, were used in the
O“-stagger-angle configuration. Each of the two blade
rows of the tandem cascade was mounted on an individual
aluminum strip, which enabled the positions of the two
blade rows’ to be shifted relative to each other in both the
blade-to-blade and axial directions.

The blades in the tandem cascades were bent in circular
arcs to give a tun@ of approximately 60° each. The
upstream cascade turned the flow 60° from axial (to the
left as seen in the figures of this report). The second or
downstream cascade turned the flow back to the axial
direction.

PLOW VISU.41JiZATION

Three methods were used to visualize the flow patterns:
(1) smoke traces in the passage and on the blades and walls,
(2) hydrogen suliide gas reacting with a lead carbonate sus-
pension in glycerin painted on the walls and blades, and
(3) paint flow tracw on the surfaces at the higher gas-flow
speeds. The smoke flow-visualization method was used in
the two-dimensional cascades for tats made at low speeds
(3o ft/see). At the higher speeds (Mach numbers of approx-
imately 0.4 in the two-dimensional contlguration and higher
Mach numbers in the annular cascade), the hydrogen sulfide-
lead carbonate visualization method was used. At the

Aighest speeds studied in the annular cascade, the flow of
the paint. on the shrouds and blades provided additional
information concerning the secondmyflow behavior.

Photographs were taken of the traces obtained by admit-
ting smoke or hydrogen sultide through the wall static taps
and through the probe at either the wall itself or in the
passage. As will be demonstrated, the agreement between
the probe and static-tap tiaces showed that the probe did
not disturb the flow in the passage sufficiently to ailect
these tests.

Smoke traces.-smoke was produced by burning oil-
soaked cigars with service air (iig. 3). This method of
generating smoke was found to be superior, for this appli-
cation, to other methods used elsewhere. In particular, the
smoke was nontoxic, noncorrosive, e&ly generated, and of
sufficient intensity to be photographed. The rates of smoke
production and injection into the air stieam were carefully
controlled by means of settling bottles, pressure regulatom,
and bleeds in order to make possible close matching of the
local direction, velocity, and density-of the air stream. In
order to maintain the smoke tices intense enough for photo-
graphing, the inlet-air velocity was held at approximately
30 feet per second when the smoke visualization method
was used. The smoke-trace method was particularly
advantageous, because it was possible thereby to visualize
the streamhes any place in the passage as well as directly
on the walls and blades. NTOd.if6culty was encountered
with diffusion of smoke into air. However, it is diflicult to
present the results photographically, because the photo-
graphs cannot show the three-dimensional move.rmmtof the
traces, which appear, instead, as projections ag&nst the

Gbss tubes-<:

Toprobe

Settling
bottle

Ihcimw 3.-6moke generator.

passage walls or against the blades. In addition, suitable
photographs are @cult to obtain for regione of low contrast.

Hydrogen sul.tidetraoes.—In order to obtain flow traces
at higher airspeeds, the following procedure was adopted.
The wall and the blades were covered with a paint of lead
carbonate in glycerin and aIcohol. As the hydrogen sulfido
was introduced through the static taps or through the probe,
its path rdong the blades and on the wall was observable as Q
brown trace on a white background. This reaction is smni-
permanent and accumulative. The procedure, therefore,
was to introduce the hydrogen sdtide at such rates that the
local veIocity and direction of the air stream could be matched
closely and the disturbance of the local flow minimized.
This was continued until a photographable trace was ob-
tained. Furthermore, the molecular weight of hydrogen
sulfide is close to that of air, which minimizes the diffusion
due to density diilerences. Disadvantages of the method
are that the gas is highly toxic and corrosive and the reaction
must proceed for a long time in order to obtain sufficient
color contrast for photog&phing.

Paint flow traoes.-At the higher Mach numbers, the
soft, nondrying paint used in these tests wotid flow along tho
painted surfaces and trace out flow patterns. It ti be
demonshated by comparison with hydrogen sulfide trmes
that the paint flow traces can indicate the flow conditions
directly at the surfaces involved.

‘rB9rPRoczDuam
In any experimental invwtigation it k necessary to estab-

lish the validity of the procedures involved in order to ensure
the reliability of the results. In the following paragraph,
the test procedurca are discussed,and the bases for confidence
in the results obtained are briefly indicatad. References are
made to the various sections of the report where each of the
considerations involved here is discussed in greater detail,

Probe i.nvestigation.-The experimental investigation of
secondary flows was begun with the basic two-dimensional
cascade at low airspeeds. Smoke visualization techniques
were employed to trace out the flow patterns in the end-wall
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boundmy layer of this cascade, m which such complicating
factors as radial pre9sure gradients or rotative force9 were
eliminated. It was considered desirable to use the probe for
the introduction of the smoke for the low-speed tests, because
with tbe probe rLpoint-by-point traveme across the inlet
mction just upstream of the blades could be made. Thus, it
was necessary to establish the reliability of the probe results;
this was done by comparing the streamline patterns obtained
by use of the probe and the static taps for introducing smoke.
I?igures4 to 7, which show the deflection patterns jn the wall
boundary layer, are used for this purpose and will be dis-
cussed f~y in the INITIAL LOW-SPEED INVESTIGATION section
of RESULTS AND DISCUSSION. (Throughout this report,
except when specified otherwise, the photographs presented
wwro taken with a camera downstream looking upstream

0 into the discharge section.) Examples of probe surve~ of
the secondary-flow patterns in the basic two-dimensional-
cascade wall boundary layer are shown in iigures 8 and 9.

Hydrogen sulfide investigation.-As noted earlier, the
use of smoke tracea proved unsuitable at the higher air

velocities, and under these conditions one method of visual-
izing the flow was by means of hydrogen sulfide. The tend-
ency of the hydrogen suliide to spread out rendered impossible
the maintenance of the trace as a welldeiined line. Because
of the increased turbulence at the higher air velocities, the
hydrogen sulfide could not be confined to a layer at a specified
distance from the wall but was distributed throughout the
entire height of the boundary layer. Therefore, the hydrogen
sulfide traces indicate the flow paths of a region of the
entering boundary layer instead of an individual path.
Hence, pictures of these traces, in general, resemble @urea
4 (b) and 6 (b), wh&e the smoke was introduced at some
position away from the WWK Figures 10 to 12 illustrate the
kind of “wide” trace typically obtained with hydrogen
sulfide.

Paint-traoe investigation.-Justfication for considering
tho patterns obtained by the flow of the nondrying paint
indicative of boundary-layer flow paths directly at the
surface was obtained by a comparison of the hydrogen
sulfide trace with the paint trace in figure 10 (c), where the
similarity between the patterns obtained is noteworthy.
The obvious precautions are tfiat the paint must be non-
drying and capable of flowing when subjected to the air-flow
gradients, and also that the test duration must be suihcient
to insure that the paint attain a final pattern rather than
merely some intermediate patterns. Nevertheless, the
assumption that paint flow traces correspond to air-flow
paths can be considered valid only when confirmed by
additional experimental evidence.

Inlet boundary-layer conditions.-For convenience in the
course of making the modifications to the cascade as required
for the geometric configurations under study, various lengths
of inlet section, constructed of different materials, were
used, because preliminary checks showed (within wide
Iimita) that the thickRtHs of the inlet boundary layer did
not affect the type of results obtained. This conclusion is
afiirrned by noting that the general character of the funda-
mental secondary-flow phenomena is unchanged over the
wide range of conditions investigated.

30855W*11

RESULTS AND DISCUSSION
IIWITMJLOW-SPEED INVESTIGATION

The first stage of the experimental invmtigation of
~econdary flows was the visualization of the streamline
?atterns in the wall boundary layer of the basic two-
iimensional cascade. The mainstn+m air velocity was
maintained at approxirdely 30 feet per second, which per-
titted the use of smoke for visualizing.

SpanWisevariation of de5eotion.-The initial phase of the
xxperirnentalprogram wm concerned with dehmining the
matureand magnitude of the deflection of the wall boundary
layer from the pressure surface of one blade toward the
mction surface of the adjscent blade. The progressive
increase in flow deflection as the wall is approached is
qualitatively discussed in the literature. The flow deflection
of smoke tracSSfor threeSpanwisepositionsis shown infigme4.
In figure 4 (a), the smoke is admitted from the static tap with
a veloci@- sticient tQ project the smoke stream approxi-
mately % inch from the wall. In figure 4 (b), the smoke
velocity is reduced to the point where the smoke is projected
approximately % inch from the wall. In figure 4 (c), the
smoke velocity is further reduced so that the smoke tube
Liesagainst the wall in the vicinity of the tap. By super-
imposition of these three photographs, the variations in
deflections are evident (fig. 4 (d)).

The results of the spanwise survey, shown in figure 4,
demonstrate visually the increase in flow deflection in the
wall boundmy layer as the wall is approached, as anticipated
in the literature. In figure 4 (c), the streamline path in the
boundary layer very near the TvalIis clearly seen to cross
the passage and to arrive at the suction surface of the pas-
sage well upstream of the blade trailing edge.

Reliability of probe and static-tap results.-The deflec-
tion in the boundary layer along the wall w-hen smoke is
admitted through a static tap located upstream of the blades
is shown in @e 5. The smoke trace in figure 5 (b) was
made by the smoke that remained in the static tap from the
time of the previous photograph (fig. 5 (a)). In figure 5 (b),
the pressure c@p from outside the tunnel to the stdic pres-
sure at the wall inside was negligible, and so the residual
smoke must be considered to have assumed the direction of
the air flow at the wall; that is, it was not projected out into
the air Mream. Figure 5 (c), a superimposition of @ure9
5 (a) and (b), indicates that, as these tests are conducted,
each of “thesmoke tiacm so represented must be considered
as lying along the wall in the neighborhood of its respective
tap. This procedure was useful in establishing that the flow
patterns at the V@ i~~ c@d be visualized properly by
means of smoke tracea.

The deflection patterns obtained by a spanwise survey
through the boundary layer, using the probe to introduce
the smoke, are shown in figure 6. Paralleling the tests for
figure 4, the probe was positioned so that the smoke wm.sad-
mitted %inch from the wdl (fig. 6 (a)), %inch from the wall
(fig. 6 (b)), and at the wall (fig. 6 (c)). The superimposition
of iignre 4 on figure 6 is shown in figure 7. The close agree- .
ment between the streamlinepatterns obtained demonstrates
that the presence of the probe does not unduly disturb the
flow and that, under the test conditions, the probe resuits
are reliable.
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I (:) (d) C-2995Jj——— — .- . — ..—-. —— ——. . —-—

(a) Smoke trace )4 inch from walL - (b) Smoke trace % inoh from wall.
, (u) Smoke trm.%on -wall. (d) Superimposition of (a), (b), and (o).

. .- FIwnm 4.-Variation of flow deflection in boundary layer. Smoke introduced through wafl statio tap.
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(a) (b)

1“

...
-3i!le4 I

.
(a) Smoke through static tap.

Fnmm 6.—Defleation of boundary

(c) .-l
(b) Residual smoke through statio tap.

(o) Superimposition of (a) and (b).

layer along wall. Smoke introduced through static tap upstream of bladw
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i ._._.. . ..
(a)

L- .L-.— ,b., -. ..— —.— .- —-. — —- —.- -------- .. —.- .. —-. —— .—— — —.— —.

(a) probe % inoh from wall. ‘ (b) Probe % ,jnoh from wall.

(o) Probe againat walL (d) Superimposition of (a), (b), and (o).

Fmrmn 6. Variation of flow deflection in boundary layer. Smoke introduced through probe.
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(a)
.——.-

4

(c ) -— -1
(a) Figures 6 (a) and 4 (a). (b) Figurw 6 (b) and 4 (b).

(0) Figures 6 (u) and 4 (C).

FmuaE 7.-Superimposition of figures 6 arid 4 demonstrating the reliability of probe results for flow visualization.
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FrQmm 8.—Flow deflation in wall boundary layer of one passage. Smoke introduced by probe traverse along wa~

$
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I

1.
(e) C-29957.-. .—-. —. .—. .

(o) Superimposition of (a), (b), (o), and (d).

FmunE 8,—Conoluded. Flow deflection in wall boundary layer of
one passage. Smoke introduced by probe traverse along wall.

Deflations along wall.-Spanwise surveys through the

boundary layer at other positions across the p=sage yielded

patterns essentially similar to those in Qume 4 and 6. In

ench ense, the streamline at the wall arrived at the suction

surface of the blade at some point upstream of the trailing

edge.

lllgure 8 enables n direct comparison of representative
paths of the streamlines obtained in one passage by a probe
traverse along the wall. In each case shown in figure 8, the
smoke was introduced with the probe directly against the
wall, which, m was demonstrated by figure 7, serves to trace
out the streamline of flow in the boundary layer on the wall
itself at the probe location. These paths are seen in figure
8 (e), a superimposition of @nres 8 (a) to (d), to be confluent
in the corner at the suction surface of the passage near the
trailing edge. This particular phenomenon of the conver-
gence of these streamlines to a small region in the corner was
neither anticipated nor implied elsewhere.

Passage vortex formation.-one of the chief drawbacks of
the photographic presentation is that the smoke traces are
seen in the photographs only as projections against the pas-
sage walls or againit the blades. To an actual observer pres-
ent at the time the tests were made, the streamlines pictured
in figures 8 [a) to (d) appeared to be drawn, as if by a flow
sink, to the corner made by the suction surface of the pas-
sage and the wall, as shown in @e 8 (e). As the stream-
lines approached this region, their paths took on a spiral
twist (counterclockwise in the figures presented herein).

Thus, the smoke streamline crossing the passage in figure

8 (d) remained on the wall until it reached the corner. Upon
reaching the corner, the major portion of the smoke trace
rolled up in a vortex and came off downstream; however,
the smoke in this vortex (fig. 8 (d)) was diluted by the rest
of the boundary-layer air comprising the vortex to the extent
that it could not be perceived photographically at this camera
angle.

As the smoke, during the probe traverse, was introduced
progressively closer to the suction surface of the blade (figs. 8
(c),(’b),and (a); respectively), the smoke streamlines were
observed to deflect away from the wall as they proceeded
downstream. The spanwise deflection of these smoke traces
increased in this order, while the curvature of their paths
of approach to the blade decreased in the same order. There-

fore, in figure 8 (e), although the streamline of figure 8 (a)
appears to cross the other streamlines, which is patently
impossible, it actually deflected away from the wall farther
than the other streamlines and passed over them. This
process, whereby the boundary-layer streamlinesat and near
the wall cross the passage while some of them are displaced
spanwise farther from the wall than others, results in the
formation of the so-called passage vortex. The patterns
shown in figure 8 illustrate how part of the inlet boundary
layer rolls up to form part of the pasmge vortex

The vortex formation, as described here, occurred well
in the paasageand not as a trding-edge phenomenon. When
a smoke stream was introduced near the blade leading edge
in the corner formed by the suction surface and the wall, it
was observed to assume the same type of counterclockwise
spiral rotation in the passage axially at approximately the
blade midchord position. Beoause of the tightness of the
spiral and because the photographs show only path projec-
tions, it has not been possible to obtain a suitable photograph
of this evidence of vortex formation within the passage of
the basic two-dimensional cascade. Photographic evidence
of passage vortex formation is presented with the section on

SECONDARYFLOWS IN BENDS AND HIGH-TURNING CASCADES

At the flow speeds used for these tests, laminar separation
probably occurred on-the suction surfaces of the blades near
the trailing edges. When smoke was introduced into the wall
boundary layer (fig. 8), a small portion of this smoke eddied
out onto the blades into the separated-flow region. This slow
accumulation of smoke in the sta=mantregion produced the
dense tracea seen on the blades.

Deflections on blades.—The streamline deflection on the
blades caused by secondary flow is noted and pictured in

reference 1. Figure 9 presents the smoke-trace patterns of

this deflection. The smoke (fig. 9 (a)) was admitted through

the probe approximately XC inoh from the wall and in such a

position that the smoke stream split and divided on the blade.

In figure 9 (b), the probe was% inch from the wall, positioned

so that the smoke path lay on the pressure surfaoe of the

blade. In figure 9 (c), with the probe at the wall, the smoke

followed the suction surface of the blade.
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The manner in whioh the flow on tha blade was deflected
spanwise toward the wall on the blade pressure surface and
spanwise away bm the wall on the blade suction surface is
olear in figure 9. A comparison of figures 9 (b) and (o) shows
that the deflection on the suction surface was much greatar
than that on the pressure surface. Such large deflection
dillerences were not to be anticipated tim secondary-flow
mechanisms similar to that d~cribed in reference 1. The
large deflection diihrence evident in iigure 9 is here princi-
pally attributed b the area-blockage efbot of the passage
vortex near the suction surface, which caties a lmge defle~
tion of the flow on the blade suction surface. The region
between the smoke trace in figure 9 (c) and the wall is, there-
fore, a rougli measureof the size of the passagevortex.

As a resuht of the flow deflection off the blade pressure
surface, air flowed onto the passage wall and was observed
to become the wall boundary layer for the region downstream
of the smoke @e of figure 8 (d). The presentation of this
phenomenon photographically was premmtid by the rapid
thinning of the smoke as it left the blade and diflused on the
wall. This deflection will be shown photographically later
with the higher-turning configurations.

Remarksoninitiallow-speed investigation-’l%e secondmy-
flow pattern in the basic two-dimensional oasoade at low
airspeeds is a three-dimensional deflection of the flow in the
end-wall boundary layer, both in the spanwise direotion
normal to the wall and across the passage along the wall.
As a result, the boundary layer rolls up to form a passage
vortex well up in the passage and not as a trailing-edge
phenomenon. In the region near the low-pressure side of
tho passage where the vortex forms, large gradienta of pres-
sure and flow direotion make it diflicult to take accurate
measurements. The complicated three-dimensional nature
of this flow makes questionable, too, the applications to data
of any two-dimensional, or qumi-threedirnensional, analyses
of the flow patterns in the wall region and certainly influences
the entire flow through the passage.

INITIALHIGH-SPEED~lTGA’IION

In order to visualize the flow patterns at higher air veloc-

ities (larger Reynolds numbers), it was necessary to use the

hydrogen sultlde and the paint flow-trace methods. The
construction of the two-dimensional cascade precluded its
use for flows above a Mach number of approximately 0.4.
Therefore, the annular-turbine-nozzle oaam.derig was used
for the higher subsonic and for the supersonic Mach numbers.

Deflections on wall in two-dimensional cascade.-The
visualization of the flow along the passage wall and blade at
Mach numbers of approximately 0.4 is shown in figure 10.
The pattern in figure 10 (a) was made by hydrogen suliide
introduced through a statio tap upstream of the blades. A
portion of the hydrogen sulfide tracdhat aotually reached
and flowed onto the suction surface of the blade but ‘was too
faint to photograph is shown by the dot&d line in iigu.re10
(a). The toxicity and obnoxious odor of the hydrogen ml-
fide prevented ita use in this oasoade (which discharges into
the room) for the extended period of time required to darken
the traae further.

In order to circumvent this difficulty, an effort was made

to concentrate the hydrogen suliide traoe in the region of
chief interest by use of a passage wall static tap. In figure
10 (b), the hydrogen sulfide was introduced through a static
tap in the paswqje; the flow to the corner and onto the blade
can be seen somewhat more olearly.

The dark trace on the first blade on the left shown in
figure 10 (c) was due to hydrogen suliidereleaaedfrom a wall
static tap so located that the flow divided on the blade. A
faiut hydrogen sulfide trace is, of course, obtiined immedia-
tely upon @ease of the gas, but it was neccsmry to run the
test for a prolonged period of time in order to intensify the
trace sufficiency for photographing. During this protracted
run, the paint on the mat of the blades in figure 10 (c) was
observed to “flow slowly until it assumed the final pattern
apparent in the picture. The similarity between the hydro-
gen suliide trace and the paint patterns is noteworthy.

Deflections on shrouds of three-dimensional oasoade.—
The deflection patterns at Mach numbers higher than 0.4
were obtained by applying the hydrogen sulfide flow-
visualization method. to the annular-nozzle ring of a typical
modern high-speed turbine. In the annular-turbine-nozzle
oasoade it was powible to use the Hydrogen sulfide for CL
sufficient length of time to make the olear, dark tracea
presented in @gurea11 and 12. Figure 11 shows the hydrogm
sulfide traces obtained with the annular cascade at a hub
discharge Mach number of approximately 0.9 and a tip
disch~e Mach number of approximately 0.7. A view of
the casoade inner shroud at the blade-row inlet is shown in
figure 11 (a). The hydrogen sulfide was admitted through
one wall static tap in each of two adjacent pasmgcs, and
the tap positions relative to the bladea oan be seen in
iigure 11 (a).

The results in @ure 11 (b) show that again the pattern
h= been repeated: In eaoh case the flow deflects across the
passage, arrives at the suction surface of the blade, and
flows out on the blade. The shape of the flow traces on the
blades and shrouds indioat= possibly the formation of Q
vort= within the passage in the annular cascade as wdl as
in the two-dimensional oascade. In figure 11 (c), tho
pattern is repeated at the outer shroud with high subsonic
Mach numbers.

The hydrogen sulfide traces for the same annular cascade
when the approximate hub and tip discharge Mach numbers
were 1.5 and 1.2, respectively, are presented in figure 12.
The inner- and outer-shroud static taps used here were the
same on= used for figure 11. Despite flow discontinuitiea
oaused by the supersonic flow velocities involved, the
deflection pattern on the shrouds is repeated and the
possible formation of passage vortices is indicated.

Remarks on initial high-speed investigation.-The pattwn
of deflection of the wall boundary-layer flow across the
passage was repeated at Mach number 0.4 in the two-
dimensional casoade and again at the high subsonic and
supersonic Mach numbers in the annular cascade. Although,
strictly speaking, the hydrogen sfide and paint flow-
visualization methods used in this section show what
happens in the boundary layer only at the boundary itself,
there are indications that passage vortax formation may
also occur at the high speeds.
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(a) Smoke tube divided on blade. (b) Smoke tube on pressure surface of blade.
(c) Smoke tulx on suction surface of blade.

Fmwnn 9.—Flow di41eotions on blade.
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m.diideintroduced through upstream static tap. (b) Hydrogen suliide introduced through
(o) Hydrogen-sulfide and paint tmcea on bfade suotion surfaoes.
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FIG- 10.—Flow tracea in two-dimensional casoade at Mach numbem of approximately 0.4.
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In this section,
prbrameters (blade

the eflew% of variations of the wmade
geome~) on the secondmy flows. are

investigated. In the region of extremely large velocity
gradients and angle deflections, where the passage vortex is
formed, the accurac-y of total-pressure and flow-angle
measurements is severely limited and the interpretation of
such quantitative measurements must be made with care.
For these reasons, the influence of blade geometq on
secondary flows was investigated qualitatively by means of
appropriate modifications to the basic twodirnensional
cascade. The cascade TWMmodified for the investigation of
the following numerical VAN-S of pmameters in addition to
those already reported for the basic two-dimensional cascado
(the parenthetical values are those of the basic cascade):
staggar angle, 0° (45°); aspect ratio, 1.67 (2.34); sofidity,
2.o (1.5), and 0.75; angles of attack, 4°, 7° (110), 15°, and
200. Alsoj blade iillets were added on the suction surface,
on the pressure surface, and on both surfaces, successively,
to evaluate their effects on the secondary flows.

In each case with the mainstream velocity about 30 feet
per second, the secondary-flow patteins were observed by
the smoke flow-visualization techniques, and the results me
presented photographically.

Stagger angle.-!lle deflections of the streandinea in tho
inlet boundary layer that join in a region near the suction
surface are demonstrated in figures 13 (a) to (c) for a cas-
cade with a stagger angle of zero (where stagger rmgleis tho
angle between the cascade axis and the incoming air). The
valuea of the parameters are given in the legend for enc.h
photograph of this section. The streamline pattern can bo
seen, by comparison, to be essentially identical with tlm
pattern in figure 8, where the stagger angle is 45°. There-
fore, for convenience in photographing, the O“-stagger-angle
configuration ma used for the remainder of the tests.

The path of a streamline in the main flow through tho
cascade with a stagger angle of zero is shown in figure 13 (d).
It was observed during the tits that the total turning of
the flow is essentially unchanged from that of the cascade
with a stagger angle of 45°.

Aspeot ratio.-The aspect ratio for the two-dimensional
cascade was reduced horn 2.34 to 1.67 by means of specially
devised inserts along the end walls. The boundary=laycr
streamlines (fig. 14) remajned unaffected. It was observed
during the test that the spanwise deflection of correspond-
ing streamlinesin the boundary layer was also unaffected by
the change in aspect ratio.

Solidity.-Wlth the solidity (ratio of blade chord to blado
spacing) reduced from 1.5 to 0.75, the main portion of the
inlet boundag=layer streamline at a blade nose was not
deflected completely across the channel (fig. 15 (a)). Most
of the smoke was deflected part way across the channel and
then proceeded downstream. The wisp of smoke seen at
the trailing edge reached there by flowing upstream in the
separated region behind the suction surface of the blade.
For the case with the solidity reduced to 0.76, it was ob-
served that the three-dimensional aspects of ‘the boundary-
layer flow, namely, the deflection of streamlines near the
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(c)

(8) Probe on wall near pressure surface.
(c) Probe on wall near suction surface.

(b) “Probe on wall in midchannel.
(d) Probe away from wall in mainstream.

FIGURE 13.-Streamlm “ e pattern in cascade with stagger angle of zero. Solidityj 1.5; angle of attack, llO; mpect ratio, 2.34.

suction surface in a direction away from the wall, had de-

creased considerably and the passage vortex was smaller.

Because the camera shows only projections, the deflections
away from the wall could not be photographed here. Con-
sequently, the photographs show only cross-channel deflec-
tion; but the three-dimensional aspects of the flow cannot
be ignored for proper interpretation of the phenomena
reported.

The streamline for the first probe location at which the
suction surface was reached by cross-chanmd flow is shown
in figure15 (b). The turning of the mainstream (~. 15 (c))
is less at the low solidity of 0.75 than at the design
solidity of 1.6 (fig. 13 (d)). ‘

The results of tests at a solidity of 2.o are shown in figure
16. Figure 16 (a) shows that the boundary-layer streamline
at the nose of one blade is deflected all the way across the
channel, as might be expected. The deflections of the
secondary-flow streamline in the spanwise direction are ob-

served to have increased over those in the basic cascade.
The mainstream flow illustrated in iigure 16 (b) is turned
somewhat more than in the baaic cascade (solidity, 1.5).

Angle of, attaok.-The streamline patterns were investi-
gated for the cascade at the original solidi~ of 1.5 and at
angles of attack of 4°, 7°, 15°, and 20° (original angle of at-
tack, 11°). Figures 17 and 18 show the results of the tests
at 4° and 20°, respectively. At a 4° angle of attack @g. 17),
it was necessmy to move the probe halfway across the chan-
nel at the inlet in order to find a streamline that would deflect
to the suction surface. As the angle of attack kcreased, the
deflections across the channel and spanwise away from the
wall increased aqd the passage vortex became larger.

Combined solidity and angle of attack.-The streamline
paths for the cascade with solidity of 0.75 and angle of attack
of 4° are shown in iigure 19. Again, it was neceswy to move
the probe almost halfway across the channel at the inlet in
order to &d a streamline that was deflected to the suction
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(a) Probe on wall at nowaof blade.
(b) Probe on wall at point wbero smoke ilrst reaohed suotion surface,
(o) Pro@ away from wall in mainstream.

Fmmm 15.-Streamline pattern in m-made with solidity of 0,75,
Stagger angle, OO; angle o! attaok, llO; aspeot ratio, 2,34,

surfaoe of the next blade, thereto comprise part of tho passage
vortex. A comparison of the amounta of turning of the main-
streams for the two cen.fi=~tions, which represent the ex-
tcemm of the ranges investigated, is possible with the use of
figures 19 (C) and 20 (b).

This study of soliditiw and anglea of attaok indicates that
the over-all turning of the mainstreams of the blade rows is a
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(a) Probo on vraUat nose of blade.
(b) Probe away from wall in mainatremn.

lWmnE 16.-StreamUne pattern in cascade with solidi@ of 2.0.
Stagger angle, 0°; angle of attaok, 11°; aspeot ratio, 2.34.

major factor in the cross-channel and spanwise deflections of
the inlet wall boundary layer. Furthermore, it was observed
during these tests that, for the configurations involving
greater turning of the mainstream, the spanwise deflection of
the corresponding streamlines in the boundary layem in-
creased, the roll-up into the passage vortex was tighter, and
the vortex was larger.

The study of flows through bends in the next section of this
report presents more qualitative information on the effects
of mainstream turning variation on secondary flows.

Blade iillets.-streamhnes for configurations having flets
of approximately %-inch radius of curvature on tie blade
pressure surface, blade suction surface, and on both blade
surfaceaare shown in figures 21 (a), (b), and (c), respectively.
The fillets apparently had little effect on the formation of the
passage vortices. Similar results were obtained with larger
fdlet5.

Remarks on oascade parameter investigation.-Through-
out the investigation of various geometric configurations of
the two-dimensional cascadti, the basic mechanism of the
formation of a secondmy-flow passage vortex was unchanged;
however, the degree to which the wall boundary layer de-

[9)

I (c) C-3CW9 I

(a) Probe on wall at nom of blade.
(b) Probe on wall at point where smoke fit reached suotion surface.
(c) Probe away from wall in mab&mam.

l?mmm 17.-Streamline pattern in -cade with angle of attack of 4°.
Stagger angle, OO;solidity, 1.5; aspeat ratio, 234.

fleeted away fxom the wall and across the channel, as well as
the size and tightmas of the passage vortices, was influenced
by those parameters which involved the turning of the main
flow. These parameters, as illustrated by the figures, were
solidity and angle of attack. Parameters such ss =pect
ratio and stagger angle, which did not alter the turning, had
no apparant influence on this seccmd~ flow. Furthermore,
the iNletaon the blades had no appreciable eilect on the pas-
sage vortex roll-up.
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(a) Probe on wall at nose of blade.
(b) Probe away from wall in mainstream.

FIGURE 18.-Streamline pattern in easeade with angle of attack of 20°.
stagger anglq OO;solidity, 1.5; qect ratio, 2.34. “

SECONDARYPLOWS IN BENDS AND mGH-T~NINCi CASCADES

Secondary flow in bends.—It has been noted in the liter-

ature (cf. ref. 4) that low=staggtion-pre.ssure fluid in the end-

wall boundary layers of rectanguh bends moves across the’

passage from the pressure toward the suction side. It has

been indicated further that, upon reaching the suction sur-

face, the low-stagnation-pressure fluid is displaced away from

the wall and out into the mainqtmmm.

The smoke visualization technique was applied to the

study of the boundary-layer flow in two sets of rectangular

bends with the following results. & noted earlier, the

curved walls of the 45° rectangular bends are concentric

circular arcs, so that the main-flow streamlines may be as

nearly circular as possible in the turning section of the elbow.

Figure 22 shows the typical pattern of passage vortex for-

mation described for cascades earlier in this report. The

smoke, introduced at the wall smd near the pressure surface

of the bend, crossed the pas-sage and rolled up near the

suction surface. Because of the greater turning involved

in this case than heretofore, the roll-up and vortex forma-

tion are much more distinct, and more ,mtisfactory photo-

graphs of the passage vortex phenomenon are possible.

The smoke iikunent in any of these pictures actually

tracea out the path of only one of the streamlines comprising

a passage vortex. Because of the symmetry of the flow .m

CO~ FOR AERONAUTICS
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(a) Probe on wall at nose of blade.
(b) Probe on wall at point where smoke W rcaohed motion surfaoo.
(o) Probe away from wall in mainstream.

FrGrmn 19.-Streamline pattern in casoade with solidity of 0.76 and
angle of attack of 4°. Stagger angle, OO;qeot ratio, 2.34.

such a vortex, however, the behavior of any one streamlirm
can be considered representative of the entire vortex flow.
Accordingly, in this report, when the roll-up of”a streamline
into a vortex is shown, it is characterized as the entire vortex
in the discussion of the figure.

Figure 23 shows another vimv of a part of the passage
vortex taken with the camera pointed almost directly up-
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L- ..

(a) Probe away from wall at nose of blade.
(b) Probe away from wall in mainstream.

FImnm 20.-Streamline pat&n in caacade with solidity of 2.0 and
angle of attack of 20°. Stagger angle, 0°; aspect ratio, 2.34.

stream into the vortex. Careful examination of this figure
discloses that the portion of the passage vortex shown here
does not actually touch the suction surface. The outer
portion of the passage vortex, which does contact the
suction surface, was obtained by admitting smoke away
from the wall ofi the pressure surface of the passage. This
is in accordance with the pattern of passage vortex forma-
tion described earlier; that is, the boundary-layer roll-up is
such that the outer layers of the passage vortex are derived
from inlet boundmy-lnyer flow near or on the preaeure-
surfaw side of the passage; the central portions of the pas-
sage vortex are derived from the inlet boundary layer nearer
tho suction side of the passage.

Another part of the pasaa.gevortex in the 45° rectangular
bond is prcmmted in figure 24. Here the vortox is clearly
shifting in a direction away from the wall and also away
from the suction surface.

The formation of a passage vortex in the wall boundary
layer of the 60” rectangular bend is shown in iigure 25. The
turning sections of these passages are circukr arcs, all
having equal radii of curvature. The introduction of a
largo quantity of smoke made it possible to observe the
continued twisting of the vortex downstream of the blade
row (fig. 26).

__ (c) _ c-32 169:.— ——

(a) Fillet on blade pressure surfac%.
(b) Fillet on blade suction surface.
(c) Filleb on both blade surfacea.

FIGURE 21.-Streamline pattern in orwade with blade tillets. Stagger
angle, OO;solidity, 1.5; anglo of attack, 11°; aspeot ratio, ‘2.34.

An overhead view of the deflection of a boundary-layer
streamline across the passage is prwented in figure 27 (a).
When viewed in this direction, perpendicular to the surface
in which the streamlin= are flowing, the streamlines appear
quite faint; and so it is considerably more difEcult to obtain
good, high-contrast pictures from above than from down-
stream.
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l?mum 22.-Roll-up of wall inlet boundary layer to form Pruwge VOW= in 45° rectangular bend. Smolie introduced on wall mar
blade preasum surface.
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FIGURE 23.-Pssasge vortex in 45° rectangular bend. Smoke introduced on wall near blade premue Surfaea
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FIG~D 25.—Roll-up of wall inlet boundary layer to form p&age vortex in 60° rectangular bend. 6rnoke introduced on wall
near blade pmeaum surface.
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Fmmm 26.—Continued twistiig of pasaage vortex downstream of blade row.
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(a). C-31633.
(a) Roll-up of wail boundary layer to form passage vortex. Smoke introduced on mdl near suction surface.

Fmmm 2S.-Forrcation of secondary-flow pasmge vorte.. in 60° cascade of blades.

.
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(b) c-3zi7jj— —. —__ _ — ...——. . . . -———_ .— _____———_—._— —.,.
(b) RO1l-UPOf wd boundary kyer to form presage VOrt.!XL Smoke introduced off .wafl near suotion surface showfng contfnued twfsting of vortox

FIGURE 28.—Contiiued.

downstream of cascade.

Formation of secondary-flow passage vortes in 60° cwwade of blades.
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,

(o) Deflection of flow off blade p-ure surfaoe aoross p- into paamge vortax. ,

FIGURE 28.—Concluded. Formation of secondary-flow passage vortex in 60° cascade of blades.
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(a) Downatmam view.

FIGUnE 29.—Nose effeots in boundary layer of 60° wumade of blades. Smoke introduced on wall near midchannel position.
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This streamline (fig. 27 (a)) does not actually contact the
auction surface of the passage; that is, it is not in the outer-
most layer of the vortex. For flgu.re27 (b), the smoke was
admitted on the pressure surface of the bend about % inch
away from the end wall. In this case, the streamline
pictured is one that actually does reach the suction surface
across the passage.

Comparison of secondary flow in bends and casoades.—
In this section, the seccmdary-flow patterns obtained with
the rectangular bends having a turning angle of 60° are
compared with those obtained with a twodimensional
cascade of sheekmetal bladea having a turning angle of 60°.
The total turning, the rate of turning, and the blade spacing
are the same for both cm@urations. With the exception
of the Ieadhg-edge region, the main-flow streamline pattern9
were likewise essentially the same.

Figures 28 (a) and (b) show- the way two of the stream-
line in the end-wall boundary layer of the 60° cascade roll
up in the passage vortex. Some of the fluid in the passage
vorbm of this configuration comes horn the prmure surface
of the blade at a distance from the wall (fig. 28 (c)).

For figure 29 (a), the smoke was admitted at the inlet to
the blade row and at the wall, but closer to the pressure
surface than in figures 28 (a) and (b). It appears from iigure
29 (a) that, in this 600-turning cascade of sheekmetal blad~
(with the tangent to the blades at the inlet being in the axial
direction), a well-defined stagnation region &sts near the
blade leading edge on the pressure side. The smoke trace
in the photograph approaches this region, divides in two,
and flows around it. One part of thesmoke follows a crow-
channel flow pattern; the other part flows around the blade
ledng edge and downstream along the blade suction surface
in the adjoining passage. An overhead view of this phe-
nomenon appears in figure 29 (b). This diilerence in behavior
of the boundary layem of the cascade and the bends can be
explained qullit atively as follows. The main streamline
pattern for the given cascade should have the form depicted
in figure 30 (a); that is, a stagnation point should exist on
the pressure surface of the blade slightly downstream of
the leading edge, The high pressures that must exist in this
region force some of the smoke (@. 29 (b)) on one side of
the stagnation streamline to flow upstream and around the
nose of the blade., On the other side of the stagnation,
streamline, smoke flows across tie channel. The adverse
pres.mre gradients in the vicini~ of the wall in the region
immediately upstxeam of the stagnation point give rise
to a relatively large separated-flow area. k the elbow
configuration previously discussed, such a stagnation region
on the pressure surface does not exist. The main streamline
pattern should have the form shown in figure 30 (b), because
the straight entrance section fiords a gradual loading of
the turning surfacea. Thus, d~ite the fact that the mean
streamlines through the pas9ages are relatively the same for
the 60°bends and for the corresponding cisca.de,thebouqdmy--
Iayer flows are noticeably d.ifhrent.

In @.ure ~1 (a), the probe admitting the smoke has been
shifted toward the suction side of the passage, just enough

(b)

(FL)Streamline pattern in 60°cascade.
(b) Streamline pattern in 60°bend.

FIGUSE 30.—Comparison of streamline patterns in 60° Oa-scado rind
60° bend.

for the smoke trace to clear the-stagnation region. The path
of th6 smoke tracb, compared with that in figure 27 (o) for
the 60° bend, is somewhat distorted. In figure 31 (b), the
probe has been moved even closer to the suction side, yet
the flattened trajectory still is evidence of the effects of tho
separated-flow region.

Remarks on flows in bends and wsoades, —For purpose[
of photography, the tests of the secondary flows in the
high-turning bends and cascades were much mom satis-
factory than the tests on the basic two-dimensional cascaclo.
As a result of the high turning involved, the passage vortex
roll-up was very well defined. Each smoke trace maintained
its identity long enough to enable good photographic evidence
of a true vortex formation in the paasage.

The accumulation of low-momentum fluid near the suction
surface was here seen to be a paasage vortax. After its initial
formation, the flow in this vortex on its way downstream
shifted spanwiseout from the end wall.

Comparisons of the boundary-layer flows in bends and
cascades disclosed pomible large discrepancies between
them. The study of secondary flows in rectangular bendE
may then facilitate theoretical analyses of flowdeflectior
paths, but the results may not be applicable directly k
cascade boundmy-layer flows.
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.

SECONDARY FLOWS IN THREEDIBIENSIONALCASCADRS

The flow-visualization technique was applied to an annuhw-

turbine-nozzle cascade designed for high subsonic and for

supersonic Jlnch numbers in order to extend the scope of

this investigation into typical tlwbomachine flow conditions

with radial pressure gradients and with the complicating

addition of shocli phenomena. The information ‘concerning

cross-clmnncl deflectio”m and passage vortex formation

obtained in the basic two-dimetiional - cx@ade, together

with the results obtained with hydrogen sulfide and paint

flow traces, provided a clear undemt&ling of secondary

flows in three-dimensional cascades (~ef. 5) .“ In reference 5,

careful surveys of total pressure and flow a@e made at

the discharge of the turbine’-nofile.bltides revealed the p~es-

cnce of a substantial loss core n“ear the ihner shroud. The

loss com hear the outer shroud was very much smaller at the

lower pressure ratio investigated in refei.ehce 5 and decreased

nlmost to the vrmishing point at the higher pressurb ratio.

(l?igs, 8 (e) and (f) of ref. 5, which present some results of

the surveys, nre reproduced for convenience hereih as fig. 32.)

These results indicate the presence of sizable inward radial

flows in the cnscnde. Accordingly, the hydrogen sultide and

the pnint flow-trace methods were applied to the cascade.
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(a) Hub discharge hfach nurober, 0.?4.

I’muRE 32.—C!ontoure of 10SSstorms one blade passage of annular-
nozzle caecade.
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(b) Hub discharge Mach nurober, 1.46.

FIGURE 32.—Concluded. Contours of 10SS aoross one
of annular-nozzle caacade.
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Figures 11 and 12 show the results of the hydrogen sulfide
tests and demonstrate the typical cross-channel deflection
pattern. Paint-trace evidence of radial flows in the blade
wakea and on the blade suction surfaces is presented in
figures 16, 18 (c), and 19 of referehce 5. In particular,
figure 16 of reference 5, reproduced herein as figure 33, is a
striking indication of radial flows along the blade suction
surftie in a region of thickened boundary layer produced by
the intersection of a flow discontinuity (at the supersonic
Mach number) with the suction surface.

Reference 5 attempts to evaluate these radial flows and
concludes: “The inner-wall 10SScore associated tith a blade
of a turbine nozzle cascade is largely the accumulation of
low-momentum fluids originating elsewhere in the cascade.
This accumulation is effected by the secondary-flow mecha-
nism, which acts to transport the low-momentum fluids across
the channels on the walls and radially in the blnde wakes
and boundary layers At one flow condition investigated,
the radial transport of low-momentum fluid . . . accounted
for approximately 65 percent of the inner-wall loss core.”
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FIGURE 33.—Enlarged view of inward radial flow of low-mo~ entum
fluid showing paint traces of secondary flow along blade suction sur-
face at nozzle discharge of annular-nozzle cmm.ade.

—

F&n-e 34 (fig. 21 of ref. 5) presents an over-al.sk.etch of
the second~-flow components in the anndar-turb”ine-
nozzle cascnde. Similar tests on another annidarmoz@e
co@guration (ref. 5) disclosed the same pattern of secondary
flows but with better evidence of radial flows in the blade
wakes at the lower pressure ratios.

.

TIP.CLEARANCE zFFEcr9 IN TwO-DIhfZNSIONAL cAscum wi~ Low-
TORNINGBLADES -.

In order to simulate more closely the conditions in a turbo-
machine, tip clearances of 0.060 and 0.014 inch were pro-
vided in the two-dimensional cascade. The effects of this
tip clearance were studied by means of the smoke visuali-
zation method. One of the end walls of the cascade was then
replaced by an endless moving belt whose direction and
speed could be varied, in order to stud-y the tip-clearance
effects with relative motion between blades and wall.

Fmum 34.-Secon&my-flow components in annular-nozzle cascade as
indicated by pa%t and hydrogen stide traces.

Tip clearance .-The possibility that blade tip-clcmrrmco
flow.might oppose the formation of the passage vortices and
thus reduce these flow disturbance wm investigated. The
flow patterns at clearances of 0.014 and 0.060 inch (0.4 ancl
1.7 percent span, respectively) are shown in figures 35 and 3(3,
respectively. The point of principal interest arising from
this study vm.sthe fact that with tip clearance the.pcaaago
vortex heretofore observed was displaced but was neither
eliminated nor apparently reduced in magnitude.

The deflection of the flow along the pressuro surfaco (fig.
35 (a)) is greater than for blades without tip cleamnco,
because a large part of the flow under the blade tip comes
from flow off the blade pressure surface. For this pmticulm
probe location, the flow was observed to cross under the
blade tip at the midchord position. This blade boundary-
layer flow, which crosses undm the blade, forms k vortex
lying against the suction surface. This tip-clearrmcovortex
rotates in rLdirection opposite to that of the secondary-flow

1“ (a) I

.
(a)Probeaway from wall on nw: Lf b.. cL,.

(b) Probe on n-all in n itlclwmnc,l.

FIG- 35.~treamMne pattern in cascale w-ih O(J14-inch blado tip
clearance. Stagger angle, OO; solidity, 1.5; angk of a<,taak, 11°;
aspect ratio, 2.34.

●
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(b) . C-32165’

(d) c 3044

(b) Matla taps at relet near noee of blade and m nud
channel posltlons stagger angle 45°

(d) Probe away from wall on nose of blade stagger angle 0°

FIGURE 36.-Streamline patterns for css”tie with O.OLW-inchblade tip alearnace. Solidity, 1.5; angle of attack, llO; aspeot ratio, 2.34,

vortm nnd preempts the region where the secondary-flow
vortm would form if no tip clearance were present. Never-
theless, figure 35 (b) shows that the usurd psssage vortex
still existsand is merely displaced by the tip-clearance vortex
Ebsentirdly the same phenomenon for 0.060-inch blade tip
clemanco is illustrated in iigures 36 (a) to (c). The tip-
clearance vortex in figure 36 (a) was traced out by smoke
admitted through a probe. Figure 36 (b) is a side view of the
displaced passage vortex and was obtained when the smoke
was admitted through wall static taps upstream of the blades.
Figure 36 (c) depicts the pattern obtained from “smoke
admitted through the probe to show the tip-clearance
vortex, while smoke admitted simultaneously through a wall
static tap shows the usual secondary-flow vortex. The
manner in which the tip-clmrance vortex flows contiguous
to the secondary-flow vortex can be seen in the figure.

A particularly striking picture of the tip-clearance vortex
forming in a cascade with 0.060-inch blade clearance is shown
in figure 36 (d).

Relative motion between blades- and wall,-The investiga-

tion of the flow behavior when relative motion existed

between the cascade blades and the cascade end wall
4 closed

some unexpected results. In particular, it had been assumed

a priori that the moving wall would tend to increase the

flow of the wall b&ndary layer as well as of the blade bound-

ary layer off the leading surface and to pull them under the

blade tips in the direction of the wall motion. However,
figure 37 indicates that this assumption is invalid. Compari-
son of the smoke deflection in figure 37 (a), where the wall
is stationary, with iigures 37 (b) and (c), where the motion
of the wall is such as to make the pressure surface the leading
surface, shows that flow on the blade is actualIy deflected
away from the wall. Similarly, fi~e 38, where the suction
surface is leading, shows increased deflection of the flow away
from the wall with increasing wall speed; figures 38 (a), (b),
and (c) illustrate the patterns for the stationary wall, for the
wall moving at mod crate speed, and for the wall moving at
high speed, r~pectivaly.

.
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(a) Stationary wall.
(b) 310derateqeed mall-
(c) High-speed mall.

FIGURE 37.—Strea*e deflections on blade pressure surface tith
probe on nose of blade. Presure surface lea~g; blade tip clear-
ance, 0.014 inoh;’stagger angle, OO;solidity, 1.5; angle of attack, 11?;
aspeot ratio, 2.34.

(a)

(c) c - 30444_

(a) Stationary waU.
(b) Moderat~eed wall.
(c) High-speed wall.

.FIGURE38.-Streamline deflections on blade suotion surfa~ with probe
on nose of blade. Suction surface leading; blade tip oleamnce,
0.014 inch; stagger angle, 0°; edidity, 1.5; angle of attack, 11°;
aspect ratio, 2.34-
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The explanation of the observed phenomenon is that the -

blades have a scraping action on the flow near the moving

wall. The blade leading surface scrap= up fluid entrained

on tb e moving wall and thus imparts a rolling motion to the

air in the vicinity of the leading surface. Fibgme 39 shows

this roll-up when the pressure surface is leading; fib-e 40

portrays the .mme type of roll-up when the suction surface is

leading. One consequence of this scraping etiect is the titual

elimination of the tip-clearance vortex associated with a

stationary wall for this configuration (iigs. 35 and 36).

# The patterns on the pressure surface of a blade when the

suction surface is leading are shown in figure 41. Com-

parison of the flow deflection in figwre 41 (a) {wall stationary)

with figures 41 (b) and (c) (wall moving) shows that wdll

motion increases the flow deflection on the pressure surface

toward the wall. Smoke injected nww the moving wall

actually flowed clovm the blade onto the wall rmd was carried

across to the suction surface of the tidjacent blade.

tSimihuly, figure 42 shows that the mov-bg wall, ~~ith the

pressure surface leading, deflects the flow on the suction sur-

face townrd the wall. In this case, it was also observed that

(0)

(b) . C-30445

(a) Downstwm view.
(b) Side view.

FIQUEE39.-Streamlhm patterns showing scrapin~ effect of blade with
probo nem premure surface. Pressure surface leading; modemte-
apeed wall; blade tip clearance, 0.014 inch; stagger angle, OO.;solidity,
1.5; angle of attaok, 11°; aspect ratio, 2.3-!.

C-30446 .

FIGIJEE 40.-Streamfine patterns showing scraping effect of blade;
suction surface leading.

smoke flowed down the blnde suction surface onto the wall
and was carried over to the pressure surface of the adjacent
blfide. A photograph of this effect was unobtainable becaum
of the severe diflusion that etisted whm smoke was so
introduced. Furthermore, this action of the moving wall
with the pressure surface leading removed the ~ta=~~air
reggon previously existing on the blade suction surface near
the trailing edge so that the flow now remains attached to
tho entire blade suction surface.

Remarks on tip-clearance effects.-bstead of reducing
secondary-flow effects, tip clearance in tho basic two-
dimensional cnscade merely displaced the secondary-flow
vortex and provided another vortex rotating in the opposite
direction. The two vortices rotnted side by side without
much mixing md thus constituted a considerably larger flow
disturbance tlmn did the secondary flows alone.

When the wall moved past the blade tips, the.net effect
wns that flow near the wall vms scraped off and rolled up by
the blnde leading surfaces, while the low-momentum fluid
on the blade trailing surfaces was pulled off the blades.

When the pressure surface was leading, this behavior
served in this configuration (1) to improve flow character-
istics on the blade suction surface even at some spanwise
distance from the tip by reducing the blfide boundary layer
that esists when the viall is stationary (this boundary-layer
reduction is desirable, because it reduces the tendency toward
separation on the blade suction surface); (2) to replace t~c
secondary-flow vortex and tip-clearance vortex on the
suction surface by a different roll-up near the blade leading
surface; and (3) to improve generally the tip flow on the
pressure surface and the blade tip lending in the sense that
the tip flow is prevented from deflecting under the blade,
which xould reduce the pressure ditlerence across the blade
tip. The patterns of the flow obtained with the pressure
surface leading simulate’to n degree the absolute fluid motion
in an asial-flow-compressor sta~or or the relative motion in
the compressor rotor.
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When the suction surface was leading, for the configuration
tested, this behavior served [1) to ab~avate the effects at

(o) ‘

r_...?9= .. - .--1
(c) C-32168L. —.

(a) Stationary wall.
(b) Low-speed wall.
(c) High-speed waU.

FIGURE M.-streamline deflections on blade pressure surface -with
probe on nose of blade. Suction surface leading; blade tip clear-
ance, 0.014 inch; stagger angle, OO;solidity, 1.S; angle of attack, 11°;
aspect ratio, 2.34.

.

the suction surface by piling up low-energy fluid there that

increased the secondary-flow effects while adding a now roll-

up near the leading surface (this pile-up of low-energy fluid

is undesirable, because it increases the tendency toward

separation on the blode suction sqrface), and (2) to aggravato

the tip effects at the pressure surface by increasing the de-

flection of the flow rmd thereby impairing the blado londin~

at the tip. In this case, where the suction surface is lending,

the flow patterns simuhto to a degree the relntive motion of

the fluid at tho blade tips of n turbine rotor.

... ,

-...

(a) Stationary walL
(b) Moderate-speed wall.

FIGWEE42.-Streamline deflection on blade suction surfaco with probo
on nose of blade. Pressure surface leading; blade tip akmranoe,
0.014 inch; stagger angle, O“; solidity, 1.5; angle of attaok, 11°; WJcot
ratio, 2.34.

The foregoing observations offer a possible mplanation
for the larger tip losses encountered in turbines as compared
vrith compressors. ‘l’hey also indicate that, whereas shroud-
ing appears to be undesirable in compressor, it may be
beneficial for turbine configurations similar to the one
studied herein ~&h low turning and low blnde tip stnggcr.
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TIP-CLEARANCEEFFECTS TITITlHIGH-TURNING BLADES

Preliminary considerations.-As noted in the previous

section, the blade tip-clearance flows and the scraping effects
produced by relative motion between blades and wall may
lead to boundaly-layer separation and reduced tip load&
in a turbine rotor. This condition would result in the ex-
traction of less work fmm the gas at the tip section. Total-
tcmpernture measurements behind turbine rotors generally
inclicnto thnt there is a deterioration of blade performance
mumthe Lip.

However, in severnl recenL experimental investigations of
high-spcccl turbines at the NACA Lewis laboratory, this
quite typical decline in turbine blade performance at the
tip section was notably absent. The turbine blading con-
figurations involved were fnirly typical of high+peed turbine
rotors, that is, Iargc-turniwg (high circulation), high-tip-
stagger blades. Consideration of these results along with
those of the previous section suggested the possibility that,
under certain conditions, a balance might be cstablislmd
between passage vortox and scrap~~ effects on the one
hand and tip-clearance cflects on the other that would
cnhrmco good blado tip load.@g.

It was reasoned that the scraping effect, which in the con-
figuration of the previous section was so large that it masked
completely t,ho pnssage and tip-clear,arice vortex effects,
would bo reduced eonsiclerablywhen we blade tip orientation
was more tangential in direction.,. The chord line of the tip
sections of high-tip-stagger blades is pointed more nearly in
[ho direction of relative blade-wall motion than in the case
c+amined in the previous section. Fhy-sicidly,-the “bladea
might bc. considered to have a slicing &ction on the wall
boundary layer rather than the kind of scraping action seen
before. It was reasoned further that the tip-cleanuw
vortex would become larger with higher turn@ (circtiation)
in the blades as a result of the increased grndient of pressure
through the clemn.nco space from the pressure surface to
tho suction surface of the blade. It has already been
established that the pnssage vortex becomes larger with in-
creasing turning. As has been previously noted, some of
the flow forming the passage vortex comes off the pressure
surfnce of the blade. This effect might be somewhat reduced
by the tip-cleamnce action, which diverts into the tip-
clcarance vortex some of the blade boundnry-layer flow that
would, otherwise (with zero clearance), deflect off the blade
pressure surfnce, onto the wall, and across into the passage
vortex.

Tests with moving wall and high-turning blades.-smoke
studies were conducted in the two-dimensional cascade,
with the moving wall, to investigate the possibilitiesdiscussed
in previous sections. The 45°+hgger-angle coniiggation
wns used to permit large turning. Figure 43 presents
photographs of the results of an investigation of blades -ivith
nppro.ximately 126° turning. In this configuration, tho

leading edge of the blades have zero angle of incidence with

the main flow, and the trailingedges of the blades point

approxima~ely 10° from the direction of the wall motion.
A schematic sketch of the apparatus appears in figure 43 (a).

Because of the high turning of the cascade blades, the
camera had to be directed broadside at the smoke and could
not be aimed along smoke paths. This necessitated the use of
large quantities of smoke to obtain any photoemphs at all;
those which were obtained are pictures of projected smoke
patterns only.

In figure 43 (b), the smoke was introduced with the probe
at the leading edge of the middle blade of the cascade on the
pressuresurface (the photographs show suction surfaces only)
and spanwise about one-third of the way u~ the blade. The
wall is stationary. Some of the smoke was deflected down
the pressure surface and through jhe tip-clearance space and
formed a very large tip-clearance flow region on the suction
side of this middle blade. This tip-clearance flow can be seen
near the wall against the suction surface of the middle blade
in figure 43 (b). The excess smoke that did not follow this
pattern can be seen passing downstream to the right in the
,photograph. hTosuitnble photographs could be obtained of
the passage vortex roll-up. This vortm roll-up, which was
observed during the tests to occur in the upstream third of the
p&sage and to roll around the large region occupied by the
tip-elewmce flow, made a sharp surface of demarcation
defining this region.

. -- . .
I I

1’ ..-..,......... ..-.

(a) $ohematic diagram of apparatus.

FIGURH 43.—Tip-clem-ance effeots with relative motion between mall
and high-turning blades. Smoke introduced on pressure surface of
middle blade.
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(b) Stationary wall.

FIGURE43.—Continued. Tip-clearance tiects with relative motion between wall
surface of middle blade.

and high-turning blad~. Smoke introduced on proesum
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FmumI 43,-C’o&lled. Tip-clmmuce effects %:ith @@i~e.q~otion b&ween- mill and high-turning blades. Smoke introduced on pressure surfs
of middle blade.
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“ (d) High-speed WSU.

Fmums 43.—C’oncludd. Tip<leamnw effects mith relative motion between wall and high-turning bladw.
Smokti introduwd on prwure surftm

of middle Made.

.

.



.

A VISUALIZATION STUDY. OF SECONDARY FLOWS IN CASCADES 193

With the wall moving at moderate speed (fig. 43 (c)), the
tip-clearance flow, seen against the suction surface, decreased
considerably. The region occupiql by this flow was corre-
spondingly reduced, with the result that smoke introduced in
the boundary layer at the passage inlet could now approach
closer to the suction surface than with the wall stationary.

With the wall at a higher speed (&g.43 (d)), no tip-clearance
flow to the suction surface was observed. Smoke introduced
in the inlet boundary layer for the-most part flowed quite
smoothly downstream. This indicates that such a balance
was established between the passage vortex and the scraping
effects on the one hand, with the powerful forces tending
to create tip-clearance flow on the other hand, as to pro-
duce relatively undisturbed flow “throughout the passage.
As a matter of fact, the flow through the pms.~? under
these conditions was smoother than in earlier configura-
tions where less turning and smaller tip-clearance forces
were involved.

Tests in low-speed turbine rotor,—The photographs pre-
sented in figure 44 illustrate more clearly the variation in
relative magnitude of the tip-clearance and scraping effects
with variation in relative blade-to-wall speed. These photo-
graphs were obtained by Hubert W. Allen and Milton G.
Kofskey of the NACA Lewis laboratory from their applica-
tion of the smoke flow-visualization technique to the tip-
clemanco region of a low-speed turbine desigged specifically
for that purpose. The photographs in @me 44 were taken
with the camera downstream looking toward the discharge
section of the turbine rotor, which is rotating in a counter-
clockwise direction. In iigure 44 (a), at low rotor speed, the
tip-clearance flow dominates the flow picture. The smoke
that is introduced through a static tap in the outer shroud at
the. rotor blade midchord position, axially, is seen in this

figure to overtake the blade and to roll up near the suction

surface of the blade in the vortex roll-up direction typical of a

tip-clearance vortex. At a somewhat higher rotor speed

(fig. 44 (b)), the increased scraping effect has reduced the

region occupied by the tip-clearance flow. The tip-clearance

vortex can be seen in figure 44 (b) to be smaller in size and to

lie closer to the rotor blade than before. At the highest rotor

speed, the scraping effect h= increased greatly (&m. 44 (c))

and now masks the tip-clearwme flow completely, so the

photograph shows the formation of a typical scraping vortex

near the leading (suction) surface of the rotor blade. Some-

where between these last two speeds is a b-dance point for

these effects, and at this balance point the flow disturbances

in the tip region are reduced to a minimum.

These photographs, taken in an actual turbine contlgura-

tion, confirm the possibility advanced earlier of controlling

the relative magnitudes of the tip-re-ggon flow disturbances

of. a turbhe rotor. It appears possible, therefore, to improve

the flow conditions in the turbine rotor tip region by balanc-

ing against eaph other the secondary-flow effects that cause

the flow disturbances there.

Remarks on tip-clearance effeots in turbine rotors.—In a

cursory investigation, it was found that a balance could be

established between passage vortex and scraping effects on

the one hand and tip-clearance effects on the other, which

would result in improved flow conditio~” throughout the

passage and its boundary-layer regions. It may be inferred,

therefore, that the possibility certainly exists of designing

high-speed turbine rotor configurations in such fashion as

to reduce separation and to prevent reduced loadirg on the

bladea at the tip section. This possibility depends upon

evaluating and regulating the relative sizes of the secondary

and blade tip-clearance flow effects.

*

(a) (b)

(a) Low-speed rotor. (b) Higher-speed rotor.

(c) C-33782

(c) Highes&spsed rotor.

Fra um 44.-Change in relative magnitudes “of tip-c!earance and scraping effects in turbine rotor with varying rotor speed.
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(~ Probe on mdl at inlet to upstream cascade near pmsure surface.

FImmus 45.—Pessage ~-ortex generated when upstream cascade strikes preswre surface of blade in downstream cnscade.
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(b). C-31641

(b) Probe on wall at inlet to upstream cascade near suction surface.

Passage vortex generated when upstream c~cade strikes pressure surface of blade in downstream cascade.
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This investigation also suggests a reason for apparently
conflicting experimental results concerning the effects of tip
clearance on turbomachine performance. Decreasing the
tip-clearance spacing in a ‘turbine configuration for which
the scraping effect is already the largest flow disturbance
would be detrimental to the turbine performance. However,
in a turbine configuration for which the tip-clearance flow
effect is largest, decreasing the tip-clearance spacing would
serve to improve the turbine performance.

In rno e moderate-speed turbine rotors, with typically
$lessblade tagger at khetip than is usual with the high-speed

rotors, it may no Lbe possibl~ to reduce the scraping effects
sufficiently. For such turbintp, where the centrifugal+tress
problems are not too acute, shrouding of the rotors appears
to be a more li+ely method’of blade tip-loading control.
Shrouding such turbine rotors might well reduce or eliminate
both the scraphqg and tip-clearance effects and could resuIt
in better flow conditions in the turbine rotor-tip region.
It should also be noted carefully here that shrouding a
turbine rotor that operates near the balanw point of the flow
disturbances without the shroud could upset that balance.
In addition, there might well be some undesirable bffects
produced by the action of the shrouding on the upstream
boundary-layer con@ into the turbine rotor. These
considerations probably account for the apparently conflict-
ing experimental results concerning turbine rotor shrouding
obtained by various investigators.

SECONDARY FLOW IN TANDEM C.ASCAD=

mow patterns in tandem cascades.—The construction of

the tandem cascades was described in the EXPEUIMSNTAL

smuPs section of this report. Smoke traces disclosed that

the mainstream followed the turnings through both cascades

quite smoothly. The secondary-flow pattern in the wall

boundary layer for each 60° cascade by itself was the same

as shown previously (figs. 25 to 28); that is, each generated

its own passage vortex, which then extended downstiewn.

The behavior of the vortex generated by the upstream

cascade provided the chief interest in this flow-visualization

study. This vorte.s did not turn as much as the main flow in

passing through the downstream cascade. Instead, it dis
played a strong tendency to continue in the same direction
as when it left the upstream cascade. When the relative
spacing of the cascades was such that this vortex pasmcl
through the downstream cascade without touching a blade
there, it was not turned back to the asial direction. Becaum
of the setup used, it was impossible to get overhead piotures
of this phenomenon so that the discharge angle of the vortox
might be ascertained. The beat estimate that could be mado
in this seriesof qualitative studies is that the vortm tube does
turn somewhat in passing through the second blade row but
that the discharge angle of the vortex is nearer 600 from axial
than axial.

The resistance to turning of the vortm tube is shown in
figure,45. In figure 45 (a), the smoke was introduced at tho
inlet to the upstieam caacade and at the wall. The smoko
trace is seen to crok the passage in this cascade. The de-
flection of the streamline away from the wall also is apparent
from its spanwise position in the photograph as it enters the
second or downstream cascade. Then (see fig. 45 (u)), the
vortex tube, instead of turning with the main flow, proceeds
in its path until it collides with the pressuresurface of a blade
in the second cascade. b observer could see the flow in
the vortex tube strike the pressure surface and deflect clown-
stream. At the low airspeeds of these tests, flow separation
was observed on the pressuresurface of the blade in the region
of the impact.

Figure 45 (b) shows the same phenomenon when the smoko
& introduced at a difTerentposition in the inlet boundary
layer of the first cascade.

.Remarks on secondary flows in tandem oasoades.—This
tandem+mmde invem?igationdemonstrate the resist~nce to
turning of the secondmy-flow vortices as they extend down-
stream. The preliminary results of these tests indicato ono
way in which tbe secondary flows, with little actual energy
involvement per se, may give rise ta considerable losses M o
result of their behavior in subsequent stages of turboma-
chines. This behavior pattern of the vortex tubes suggests
tbe need for fiwther investigations into the nature of tho
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vortices, the way they penetrate the main flow field, and

what becomes of the main flow in the vicinity of the origin

of the rolled-up vortm and along the path the vortex

tmverses.
CONCLUSIONS

1. The pattern of secondary-flow behavior in boundary

layers of cascades and rectangular elbows, which occum

whenever there is turning of the mainstream, consists of a

three-dimensional roll-up of end-wall boundary layer in a

region near the suction surface to form a passage vortex. NTO

trailing-edge vortas phenomenon was observed. The size
t-redtightness of this presage vortex depends principally upon
the turning of the mainstream.

2, It is characteristic of a passage vortex to shift in a direc-
tion away from the end wall and horn the blade suction sur-
face as ihmoves downstream and to resistsubsequent turnings
with tbe mainstream. The latter result isparticularly evident
in the tandem-cnscade studies, where a vortex passing from
ono cascade through another strikes the pressure surface of a
blade in the downstream cascade and causes flow disturb-
ances. These disturbances may account for a large part of
tho losses attributed to secondary flows in turbomachines.

3. The existence of blade tip clearance in a cascade induces
a vortex near the suction surface (formed from flGvrunder
tho blade tip), which rotatea in a direction opposite to the
passage vortex. The tip-clearance vortex displac~ the
passage vortex from the region near the blade suction surface
and rotates side by side with it without appreciable mixing.
The magnitude of the tip-clearance vortex varies with blade
loading.

4. When relative motion existsbetween the oascade blades
and the cascade end wall, the leading surfaces of the blades
with moderate blade tip stagger “scrape” up entrained fluid
near the wall and impart a rolling motion to the air in this
rcgian, while, on the trailing surface, boundary-layer fluid
is aspirated off the blade onto the wall. With the pressure

surface leading (compressor ccse), the scraping effect im-
proves blade tip-loading characteristics. With the suction
surface leading (turbine case) the scraping effect is detri-
mental to blade tip-loading characteristics. For turbines ‘
with high blade tip stagger, it appeam possible to obtain
a balance between tip-clearance effects and passage vort es

and blade-scraping eflects. As a result, the normally large

disturbed-flow area (and deterioration of turbine blade per-

formance at the tip) near the suction surface can be reduced.

5. The passage vortex formation is the principal secondary-

flow phenomenon in rectangydar bends, m it is in cascades.

However, as a result of the nose effect in cascades, the

boundary-layer flows are noticeably diflerent from those

in bends.
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